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Abstract. In this paper, an incipient fault diagnosis method for roller bearings is proposed, based 
on empirical mode decomposition (EMD) and correlation coefficient (the normalized value of the 
cross-correlation function at the zero-lag point). The high frequency resonance phenomena begin 
to emerge as a defect forms gradually in the bearings. Therefore the high frequency content is 
sensitive to the change of the bearing conditions. Based on this, the EMD method is firstly applied 
to the bearing vibration signals to obtain some intrinsic mode functions (IMF) which contain 
different frequency bands from high to low. The first IMF of the signal to be detected, representing 
the high frequency band, is then selected to calculate the correlation coefficient between its 
frequency-domain signal and that of normal state. The correlation coefficient can demonstrate the 
fault evolution process and thus can detect an early fault. Finally the early faulty signals are 
analyzed by using the envelope analysis and the location of the fault is identified. The 
experimental results verify the effectiveness of the proposed method. 
Keywords: roller bearing, incipient fault diagnosis, EMD, correlation coefficient, envelope 
analysis. 
1. Introduction  
Roller bearings are one of the most important and commonly used components in the rotating 
machines. Bearing failure is a common cause of the breakdown of machines. In order to maintain 
a low machinery downtime, the incipient fault detection and identification of roller bearings are 
crucial. Different methods for roller bearing fault diagnosis, such as vibration and acoustic 
measurements, temperature measurements and wear debris analysis [1], have been investigated 
recently. Among these, vibration measurement and analysis are the most extensively employed in 
the condition monitoring and fault recognition of the rotating machinery [2-4].  
However, it is difficult to diagnose the faults in early stages of the bearing failure, because 
vibrations generated by the faults have low amplitude and can be easily masked by noise. A signal 
processing technique called envelope analysis is useful to overcome this problem. When faults 
occur in the roller bearing, the vibration signals present the feature of modulation that combines 
the characteristic frequency of the bearing fault with various machine natural frequencies excited 
by impacts, which are produced when a running roller passes over the surfaces of the defects. 
Therefore demodulation or enveloping based methods have been established and widely used for 
roller bearing fault diagnosis [5-7]. However, the central frequency and bandwidth of a band-pass 
filter needs to be selected with experience before forming the envelope signal in conventional 
envelope analysis method, which yields subjective influences on the accuracy of the analysis 
results [8, 9]. A new time-frequency analysis method called empirical mode decomposition (EMD) 
was developed by Huang et al. [10] in recent years and has been successfully applied to fault 
diagnosis of roller bearings by many researchers [11, 12]. The EMD method is based on the local 
time scale of a signal and decomposes the complicated signal into a number of intrinsic mode 
functions (IMF). Each IMF component involves the local characteristic of the signal and the 
spectral band for each IMF ranges from high to low frequency and changes with the signal itself. 
Therefore EMD is a powerful method for processing non-linear and non-stationary signals and 
can be considered as a self-adaptive filter whose central frequency and bandwidth change with the 
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signal itself. 
In this work, a new method combining EMD and correlation coefficient is proposed for 
detection and identification of bearing faults at an early stage. The fundamental step of the novel 
method is the incipient bearing fault detection. The idea is motivated by the novelty in detection 
philosophy. Differently, the proposed method is based not on pattern recognition but on EMD and 
correlation coefficient. The novelty detection [13, 14] has been proposed in order to overcome the 
limitation of pattern recognition, which is that the fault pattern classification is based on the 
assumption that the distribution of available data between classes is relatively balanced [15-17]. 
As it is known, in practical applications it is almost impossible to obtain data for faulty types of 
bearings, because data describing fault conditions is often non-existent and acquiring it would 
require damaging the bearing in purpose. So this method, similar to novelty detection, eliminates 
the need for collecting failure data in advance. Subsequently, together with the fault detection, an 
envelope analysis of IMFs of faulty signals, which are self-adaptively decomposed by means of 
EMD, is presented to identify the location of the defects. 
2. Empirical mode decomposition 
The EMD method is proposed to process the nonlinear and non-stationary data by 
decomposing the data into a sequence of amplitude-modulation or frequency-modulation 
components or alike. These components to be obtained are called IMFs, each of which must satisfy 
the two conditions [10]: (1) in the whole data set, the number of extrema and the number of zero-
crossings must either equal or differ at most by one; and (2) at any point, the mean of the envelope 
defined by local maxima and the envelope defined by the local minima are zero.  
The EMD procedures of any signal 𝑥(𝑡) can be described as follows [10]: 
(1) Find out all the local extrema, and then connect all the local maxima by a cubic spline line 
as the upper envelope. 
(2) Repeat the procedure (1) for the local minima to produce the lower envelope. 
(3) Compute the mean of upper and lower envelope, 𝑚1. The difference between the original 
signal 𝑥(𝑡) and 𝑚1 is the first component, designated as ℎ1, i.e.:  
𝑥(𝑡) − 𝑚1 = ℎ1. (1) 
If ℎ1 is an IMF, ℎ1 is designated as 𝑐1. 
(1) If ℎ1 does not satisfy the condition of IMF, ℎ1 is treated as the original signal and steps 
(1)-(3) are repeated until the result becomes an IMF. 
(2) Subtract ℎ1 from 𝑥(𝑡), we could get: 
𝑟1 = 𝑥(𝑡) − 𝑐1. (2) 
Then 𝑟1 is treated as the original data and repeating the above processes, the second IMF 𝑐2 of 
𝑥(𝑡) could be obtained. Repeat all the steps mentioned above for 𝑛 times resulting in 𝑛 IMFs of 
signal 𝑥(𝑡). 
The decomposition will stop as soon as 𝑟𝑛 becomes a monotonic function from which no more 
IMFs can be extracted. Finally, the original signal 𝑥(𝑡) can be represented as: 
𝑥(𝑡) = ∑𝑐𝑖
𝑛
𝑖=1
+ 𝑟𝑛 . (2) 
Residue 𝑟𝑛  represents the mean trend of 𝑥(𝑡), and the IMFs 𝑐1, 𝑐2, …, 𝑐𝑛  include different 
frequency bands from high to low. 
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3. Correlation coefficient  
For the given signals 𝑥(𝑛) and 𝑦(𝑛), the correlation coefficient is defined as [18]: 
𝜌𝑥𝑦 = ∑𝑥(𝑛)𝑦(𝑛)
∞
𝑛=0
[∑𝑥2(𝑛)∑𝑦2(𝑛)
∞
𝑛=0
∞
𝑛=0
]⁄
1/2
, (4) 
where 𝜌𝑥𝑦 is the normalized value of the cross-correlation function at the zero-lag point, which is 
different from the commonly used Pearson’s correlation coefficient.  
4. Roller bearing fault diagnosis method based on EMD and correlation coefficient 
While there is a fault in the roller bearings, the spectrum will change in a determined way [19]. 
The high frequency resonance phenomena begin to emerge as the bearing defects form gradually 
at an incipient stage. Therefore the high frequency content is sensitive to the change of the bearing 
conditions. Accordingly, the correlation coefficient between the spectrum of the first IMF of 
vibration signals and that of normal state signals will be different as the fault begins to occur. 
Based on this consideration, the normal state signal and the first IMF of vibration signal are used 
in order to detect a change of behavior due to the presence of a fault, and the correlation coefficient 
can demonstrate the fault evolution process and detect an early fault. Finally, using the envelope 
analysis technique, the proposed method is able to discover the source of the fault and complete a 
diagnosis. 
The fault diagnosis method is given as following: 
(1) The raw vibration signal is collected when the roller bearing is normal, and the signal is 
designated as 𝑥(𝑡) . Perform FFT to 𝑥(𝑡) , then the signal in the frequency domain, viz. the 
spectrum 𝐹𝑛𝑜𝑟𝑚(𝑓) is obtained, where 𝑓 stands for frequency. 
(2) Treat the subsequently collected vibration signals as the ones to be detected. According to 
the above analysis, these signals are decomposed into a number of IMFs and the first IMF is 
selected. Perform FFT to these first IMFs, and the corresponding signals in the frequency domain 
𝐹(𝑓) are obtained in the same way. 
(3) Calculate the correlation coefficient 𝜌 between 𝐹𝑛𝑜𝑟𝑚(𝑓) and 𝐹(𝑓). 
(4) Observe the change of the correlation coefficient and complete the fault detection. Before 
the fault occurs in the roller bearings, the correlation coefficient maintains at a stable level. If there 
appears a fault in the roller bearings, the correlation coefficient will begin to become smaller and 
smaller. That is because the difference between the spectral contents of 𝐹𝑛𝑜𝑟𝑚(𝑓) and 𝐹(𝑓) will 
become bigger and bigger as the defect forms in the roller bearings. 
(5) Analyze the vibration signals with incipient fault using envelope analysis technique. 
Considering there may exist several resonant frequency bands, in order to not omit the weak faulty 
information, the first 4 IMFs are chosen to do the envelope analysis. First, performing the Hilbert 
transform to the first 4 IMFs components, we could have: 
𝐻[𝑐𝑖(𝑡)] =
1
𝜋
∫
𝑐𝑖(𝜏)
𝑡 − 𝜏
∞
−∞
𝑑𝜏,             (𝑖 = 1, 2, 3, … ). (5) 
And then the envelope signals could be obtained: 
𝐵(𝑡) = √𝑐𝑖
2(𝑡) + 𝐻2[𝑐𝑖(𝑡)] ,             (𝑖 = 1, 2, 3,⋯ ). (6) 
Finally we can get envelope spectrum of the envelope signals by performing envelope analysis 
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to them. 
(6) According to the envelope spectrum, the bearing characteristic defect frequencies and 
harmonics of these frequencies can be recognized in early stages of the faults. 
5. Application  
In order to check the performance of the proposed method, an example on fault detection and 
identification of roller bearings is conducted in this study. Most bearing diagnostics research 
involves studying bearings with simulated or “seeded” damage, which can not reflect the natural 
defect propagation in the early stages. Therefore, in order to show that the proposed method is 
capable of detecting and identifying a bearing fault at an incipient stage of the failure, the data 
obtained from a laboratory test-to-failure experiment is used. 
The bearing vibration data comes from the Center on Intelligent Maintenance Systems (IMS), 
University of Cincinnati [20]. The bearing test rig is shown in Fig. 1, which consists of one shaft, 
four test bearings, an AC motor and rub belts. The four bearings were installed on one shaft. The 
shaft was driven by the AC motor and coupled by rub belts. The rotational speed was kept constant 
at 2000 rpm and a radial load of 6000 lbs was added to the shaft and bearing by a spring 
mechanism. The vibration data was collected every 10 minutes for 164 hours at a sampling 
frequency of 20 kHz. At the end of the test-to-failure experiment, an outer race fault occurred in 
bearing 1. PCB 352B33 High Sensitivity Quarts ICP accelerometers were installed on each 
bearing housing in order to register the vibration signals, and the data obtained from the horizontal 
accelerometer of bearing 1 have been used in the experiments.  
 
Fig. 1. The bearing test rig 
The characteristic defect frequency of the roller bearing with outer race fault can be estimated 
by the following equation [21]: 
𝑓𝑜𝑢𝑡𝑒𝑟 =
𝑛
2
𝑓    (1 −
𝑑
𝐷
cos𝛽), (7) 
where 𝑓 is the shaft rotational frequency, 𝑛 is the number of rollers, 𝛽 is the contact angle between 
the race and the roller, 𝑑  is the roller diameter and 𝐷  is the bearing pitch diameter. In this 
experiment, the Rexnord ZA-2115 double row bearings have 16 rollers in each row, a pitch 
diameter of 2.815 in., a roller diameter of 0.331 in., and a tapered contact angle of 15.17° [22]. 
With this data and equation (7), we can get the calculating result of the characteristic defect 
frequency of the roller bearing with outer race fault, i.e. 236.4 Hz. 
The first 24 hours of captures were used as the signals of normal state and one of them was 
chosen as 𝑥(𝑡), and then the corresponding signal in the frequency domain 𝐹𝑛𝑜𝑟𝑚(𝑓) could be 
976. INCIPIENT FAULT DIAGNOSIS OF ROLLER BEARINGS USING EMPIRICAL MODE DECOMPOSITION AND CORRELATION COEFFICIENT.  
KEHENG ZHU, XIGENG SONG, DONGXIN XUE 
  VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. JUNE 2013. VOLUME 15, ISSUE 2. ISSN 1392-8716 601 
obtained. Hereafter, we selected one capture every two hours from the 24th hour to the 164th hour 
and performed EMD to it for acquiring the spectrum 𝐹(𝑓) of its first IMF. Subsequently, the 
correlation coefficient between 𝐹𝑛𝑜𝑟𝑚(𝑓) and 𝐹(𝑓) was calculated in order to detect possible 
changes of bearing conditions. 
Fig. 2 shows the process of change of the correlation coefficient during the following more 
than 100 hours. From Fig. 2 we can see that the correlation coefficient begins to drop continuously 
from about 90 hours and has an obviously overall downward trend during the period between the 
90th hour and the 120th hour, which means the defect begins to form gradually in the bearing. 120 
hours later the trend of the correlation coefficient rises sharply and then decreases again. This 
trend may be the result of the “healing” phenomenon which can be explained by the nature of the 
propagation process of the damage. When the surface defect just initiates, small spalling or cracks 
are formed and are later smoothed by the continuous rolling contact [22]. As the area of defect 
grows bigger, the vibration level will rise again, which means that the correlation coefficient will 
drop and start to achieve another new relatively stable level. 
 
Fig. 2. The process of change of correlation coefficient 
After the fault detection, according to the above analysis, the envelope spectrums of the first 4 
IMFs of an incipient faulty signal (90 hours after the beginning of the experiment) were analyzed. 
By analyzing the envelope signals, it is found that the envelope spectral contents of the later 3 
IMFs do not contain any useful faulty information, so only the envelope spectrum of the first IMF 
is shown in Fig. 3. For comparison Fig. 4 shows the envelope spectrum of the first IMF of an 
advanced faulty signal (140 hours). In both figures the characteristic defect frequency of outer 
race fault 𝑓𝑜𝑢𝑡𝑒𝑟 = 230 Hz, which is very close to the theoretical value, is clearly characterized. 
As the incipient fault evolves into advanced stage, the amplitudes of the peaks increase, thus 
making the fault identification more accurate. 
By contrast, we can see that the correlation coefficient is extremely sensitive to the occurrence 
of an early fault. In the practical applications for a specific vibration data, statistics such as 
standard deviation and mean of the correlation coefficient can be calculated to serve as an indicator 
of occurrence of an incipient fault. Some safety levels can be acquired by means of the statistics 
according to the recorded data from the normal bearing condition, and then a warning could be 
automatically issued when the pre-set levels are exceeded. 
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Fig. 3. Envelope spectrum of the first IMF of an incipient faulty signal 
 
Fig. 4. Envelope spectrum of the first IMF of an advanced faulty signal 
6. Conclusion 
In this paper, we have presented a new method of incipient fault diagnosis of roller bearings 
based on EMD and correlation coefficient. In the presented approach the EMD method is first 
performed to the bearing vibration signals to be detected and a number of IMFs are obtained. 
Allowing for the fact that the spectral content of the first IMF is sensitive to the occurrence of the 
failure, the correlation coefficient between the spectrum of the signal of normal state and that of 
the first IMF of the signal being detected is then calculated in order to detect a change of behavior. 
After the fault detection, envelope analysis is applied to the first 4 IMFs of the incipient faulty 
signals by means of the self-adaptive nature of EMD, and then the fault type can be identified. In 
addition this methodology has the potential capability of automatic fault detection. The 
experimental results demonstrate that the proposed method is effective for the fault detection and 
identification at early stages. 
Acknowledgements 
The authors would like to thank the Center for Intelligence Maintenance Systems, University 
of Cincinnati and NASA Ames Prognostics Data Repository for freely providing the experimental 
data. 
976. INCIPIENT FAULT DIAGNOSIS OF ROLLER BEARINGS USING EMPIRICAL MODE DECOMPOSITION AND CORRELATION COEFFICIENT.  
KEHENG ZHU, XIGENG SONG, DONGXIN XUE 
  VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. JUNE 2013. VOLUME 15, ISSUE 2. ISSN 1392-8716 603 
References 
[1] Tandon N., Choudhury A. A review of vibration and acoustic measurement methods for the detection 
of defects in rolling element bearings. Tribology International, Vol. 32, 1999, p. 469-480. 
[2] Jiang H. K., He Y. N., Yao P. Incipient defect identification in rolling bearings using adaptive scheme 
packet. Journal of Vibroengineering, Vol. 14, Issue 2, 2012, p. 771-778. 
[3] Yan R., Gao R. X. Machine health diagnosis based on approximate entropy. Proceedings of the 21st 
IEEE Instrumentation and Measurement Technology Conference, IMTC 04, 2004. 
[4] Yan R., Gao R. X. Approximate entropy as a diagnostic tool for machine health monitoring. 
Mechanical Systems and Signal Processing, Vol. 21, Issue 2, 2007, p. 824-839. 
[5] McFadden P. D., Smith J. D. Vibration monitoring of rolling element bearings by the high-frequency 
resonance technique – a review. Tribology International, Vol. 17, Issue 1, 1984, p. 3-10. 
[6] Guo Y., Liu T. W., Na J., Fung R. F. Envelope order tracking for fault detection in rolling element 
bearings. Journal of Sound and Vibration, Vol. 331, Issue 26, 2012, p. 5644-5654. 
[7] Brown D. N. Envelope analysis detects bearing faults before major damage occurs. Pump and Paper, 
Vol. 63, 1989, p. 113-117. 
[8] Mclnerny P. D., Toozhy M. M. Application of synchronous averaging to vibration monitoring of 
rolling element bearings. Mechanical Systems and Signal Processing, Vol. 14, Issue 6, 2000, 
p. 891-906. 
[9] Tse P. W., Peng Y. H., Yam R. Wavelet analysis and envelope detection for rolling element bearing 
fault diagnosis – their effectiveness and flexibilities. Journal of Vibration and Acoustics, Vol. 123, 
2001, p. 303-310. 
[10] Huang N. E., Shen Z., Long S. R. The empirical mode decomposition and the Hilbert spectrum for 
nonlinear and non-stationary time series analysis. Proceedings of Royal Society of London Series A, 
Vol. 454, 1998, p. 903 – 995. 
[11] Yang Y., Yu D. J., Cheng J. S. A roller bearing fault diagnosis method based on EMD energy entropy 
and ANN. Journal of Sound and Vibration, Vol. 294, 2006, p. 269-277. 
[12] Rai V. K., Mohanty A. R. Bearing fault diagnosis using FFT of intrinsic mode functions in Hilbert-
Huang transform. Mechanical Systems and Signal Processing, Vol. 21, 2007, p. 2607-2615. 
[13] Alzghoul A., Löfstrand M. Increasing availability of industrial systems through data stream mining. 
Computers and Industrial Engineering, Vol. 60, 2011, p. 195-205. 
[14] Mc Bain J., Timusk M. Feature extraction for novelty detection as applied to fault detection in 
machinery. Pattern Recognition Letters, Vol. 32, 2011, p. 1054-1061. 
[15] Abbasion S., Rafsanjani A., Farshidianfar A., Irani N. Rolling element bearings multi-fault 
classification based on the wavelet denoising and support vector machine. Mechanical Systems and 
Signal Processing, Vol. 21, Issue 7, 2007, p. 2933-2945. 
[16] Yang Y., Yu D. J., Cheng J. S. A fault diagnosis approach for roller bearing based on IMF envelope 
spectrum and SVM. Measurement, Vol. 40, 2007, p. 943-950. 
[17] Zhang L., Xiong G. L., Liu H. S., Zou H. J., Guo W. Z. Bearing fault diagnosis using multi-scale 
entropy and adaptive neuro-fuzzy inference. Expert Systems with Applications, Vol. 37, 2010, 
p. 6077-6085. 
[18] Hu G. S. Digital Signal Processing – Theory, Algorithms and Implementation. Beijing: Tsinghua 
University Press, 1997. 
[19] Fernández-Francos D., Martínez-Rego D., Fontenla-Romero O., Alonso-Betanzos A. Automatic 
bearing fault diagnosis based on one-class v-SVM. Computers and Industrial Engineering, Vol. 64, 
2013, p. 357-365. 
[20] Lee J., Qiu H., Yu G., Lin J. Bearing Data Set. IMS, University of Cincinnati, NASA Ames 
Prognostics Data Repository, Rexnord Technical Services, 2007. 
[21] Oehlmann H., Brie D., Tomczak M., Richard A. A method for analyzing gearbox faults using time-
frequency representations. Mechanical Systems and Signal Processing, Vol. 11, Issue 4, 1997, 
p. 529-545. 
[22] Qiu H., Lee J., Yu G., Lin J. Wavelet filter-based weak signature detection method and its application 
on rolling element bearing prognostics. Journal of Sound and Vibration, Vol. 289, 2006, p. 1066-1090. 
